Event-related potentials (31-channel ERPs) were recorded from 38 depressed, unmedicated outpatients and 26 healthy adults (all right-handed) in tonal and phonetic oddball tasks developed to exploit the perceptual challenge of a dichotic stimulation. Tonal nontargets were pairs of complex tones (corresponding to musical notes G and B above middle C) presented simultaneously to each ear (L/R) in an alternating series (G/B or B/G; 2-s fixed SOA). A target tone (note A) replaced one of the pair on 20% of the trials (A/B, G/A, B/A, A/G). Phonetic nontargets were L/R pairs of syllables (/ba/, /da/) with a short voice onset time (VOT), and targets contained a syllable (/ta/) with a long VOT. Subjects responded with a left or right button press to targets (counterbalanced across blocks). Target detection was poorer in patients than controls and for tones than syllables. Reference-free current source densities (CSDs; spherical spline Laplacian) derived from ERP waveforms were simplified and measured using temporal, covariance-based PCA followed by unrestricted Varimax rotation. Target-related N2 sinks and mid-parietal P3 sources were represented by CSD factors peaking at 245 and 440 ms. The P3 source topography included a secondary, left-lateralized temporal lobe maximum for both targets and nontargets. However, a subsequent hemispheric spatiotemporal PCA disentangled temporal lobe N1 and P3 sources as distinct factors. P3 sources were reduced in patients compared with controls, even after using performance as a covariate. Results are consistent with prior reports of P3 reduction in depression and implicate distinct parietal and temporal generators of P3 when using a dichotic oddball paradigm.
1. Introduction
P3 component identification
The archetype of cognitive ERPs is a positive-going deflection with a mid-parietal maximum at around 300 ms post-stimulus. P3 is known to be influenced by stimulus expectancy and probability, as well as response contingencies (e.g., Duncan-Johnson and Donchin, 1977; Simson et al., 1976) . Although P3 has been identified using diverse paradigms, ranging from the original cuedpair paradigm (Sutton et al., 1965) to memory-related tasks (e.g., Friedman, 1990) , the oddball task has become the de facto standard target-detection paradigm for producing P3. However, the impression of a ubiquitous P3 rapidly gave way to an understanding that functionally and topographically distinct components contribute to what came to be known as a late positive complex (Squires et al., 1975; Sutton and Ruchkin, 1984) .
The concept of an ERP component has been formalized in terms of a characteristic waveform and topography, as well as the specific experimental manipulations required to produce it (e.g., Johnson, 1993; Kayser and Tenke, 2005; Picton et al., 2000) . Of these, topography has been particularly emphasized as an essential characteristic (e.g., Spencer et al., 2001) , owing to the correspondence between a characteristic topography and an underlying pattern of activation of neuroanatomical generators (e.g., Tenke, 2005, 2006a) . However, it has long been recognized that the redundancy and reference-dependency of ERP topographies may frustrate efforts at identifying their underlying neuronal generators (e.g., Nunez and Srinivasan, 2006; Tenke and Kayser, 2005) . A surface Laplacian (second spatial derivative) removes much of this redundancy, yielding sharper CSD topographies that represent the underlying current sources (current flows radially from brain into skull and scalp) and sinks (into brain). CSD topographies are unaffected by the recording reference and less influenced by distant generators.
ERP components recorded in healthy adults during simple binaural oddball tasks show a topographic specificity consistent with the regional and hemispheric specialization expected for material-specific categorization and evaluation. Using Principal Components Analysis (PCA) methodology to extract components in a data-driven manner, Kayser et al. (1998) reported content-dependent (complex tones or consonant-vowel syllables) hemispheric ERP asymmetries in a binaural oddball task, with relatively larger amplitudes within the N2-P3 complex over the right frontotemporal region for a tonal task and over the left temporoparietal region for a phonetic task. The origins of these differences were subsequently explored by applying temporal PCA to montages of surface Laplacian (CSD) waveforms (Kayser and Tenke, 2006a,b) , thereby providing a reference-independent description of the data characterized by sharper component topographies that are more closely related to the underlying neuronal generators.
Task difficulty and P3 reductions in depression
ERP studies of patients having a depressive disorder have yielded conflicting findings, with some studies reporting decreased amplitude of the P3 potential in depressed adults when compared to healthy controls, but other studies finding no difference (Roth et al., 1986) . Thus, depressed patients tested in the binaural oddball tasks of Kayser et al. (1998) displayed the expected task-related asymmetry of the N2-P3 complex, and did not differ from healthy controls in P3b amplitude (Bruder et al., 2002) . However, the accuracy of responses to target stimuli was very high in both patients and controls (N 96% correct), raising the possibility that the failure to detect P3 differences between depressed patients and controls could have resulted from the use of a task that was insufficiently challenging to reliably reveal the subtle cognitive deficits in depressed patients.
In contrast to a simple binaural oddball task, dichotic listening tasks impose additional processing demands by presenting conflicting information to the two ears. In healthy controls, perceptual asymmetry during a dichotic complex tone test (behavioral left-ear advantage) was associated with a hemispheric asymmetry of the late positivity (larger over the contralateral right than the ipsilateral left hemisphere; Tenke et al., 1993a) , and predicted P3 source asymmetries in a binaural oddball task . Moreover, ERPs of depressed patients in this cognitively demanding task (Bruder et al., 1995) showed smaller P3 amplitude when compared to healthy controls, and failed to show either the behavioral left-ear (right hemisphere) advantage or the associated hemispheric asymmetry of P3 seen in healthy adults for dichotic pitch discrimination.
Dichotic listening tasks typically require numerous stimuli which are paired in a quasirandom sequence. However, it was reasoned that a minimal set of stimuli could be used in the context of a dichotic oddball paradigm, thereby yielding P3 source topographies that are directly comparable to those in a binaural oddball task (i.e., Kayser and Tenke, 2006a,b) . Moreover, it was anticipated that the additional challenge imposed by a dichotic task would reveal a behavioral and P3 deficit in depressed patients. The present study used unrestricted temporal PCA of reference-free surface Laplacian waveforms to quantify and compare P3 sources in depressed patients and healthy controls during dichotic oddball tasks using complex tones or syllables.
Materials and methods

Participants
Twenty-six healthy adults (10 male) with no history of psychopathology, and 38 depressed outpatients (19 male) from the Depression Evaluation Service at the New York State Psychiatric Institute were recruited from the New York metropolitan area. Participants were predominantly Caucasian (45 white, 6 Asian, 6 black, the remainder mixed or unknown). Patients were all drug-free for a period of at least 7 days. Patients were slightly older than controls (mean years ± SD, 35.0 ± 10.5 vs. 30.3± 6.5, t = −2.023, df =62, p b .05), but did not significantly differ in years of education (17 ± 1.9 vs.16 ± 2.3). Participants were excluded from the study if they had a hearing loss greater than 30 dB in either ear at 500, 1000 or 2000 Hz, or if they had an ear difference greater than 10 dB. Participants were also excluded if they had current substance abuse, a history of head trauma, or other neurological disorder. Control subjects were screened using the Structured Clinical Interview for DSM-IV, nonpatient edition (First et al., 1996) to exclude those with current or past psychopathology. All subjects were right-handed, as indicated by their Edinburgh Inventory (Oldfield, 1971 ; Laterality Quotients, controls = +76.3 ± 38.3; patients = +72.1 ± 46.2). Most patients met DSM-IV criteria for major depressive disorder (MDD; n = 24), dysthymia (n =7) or both disorders (n = 4). One patient met criteria for bipolar disorder II, the remaining two being depression NOS.
Dichotic oddball tasks
Matched dichotic oddball tasks
Stimuli were selected from dichotic listening tasks known to produce left-ear (complex tones) and right-ear (phonemes edited to equate their duration and loudness) advantages in healthy adults. As shown in Fig. 1 , tonal stimuli were 250 ms square waves, linearly tapered over the first and last 20 ms, with fundamental frequencies corresponding to notes G4 (388 Hz), A4 (444 Hz), and B4 (485 Hz) on the musical scale. Phonetic stimuli were spoken consonant-vowel syllables edited to 250 ms. Pitch was not equated, thereby preserving the discriminability of the syllables by preventing complete perceptual fusion. The categorical perception of phonemes is sensitive to the vowel-onset delays (voice onset time, VOT), a property that is also observed for the neuronal response evoked in primary auditory cortex (Steinschneider et al., 1995 (Steinschneider et al., , 1999 . In order to reduce the disparity between ERPs produced for tonal and phonetic stimuli, nontarget phonemes were /ba/ (maximum spectral amplitude at 674 Hz) and /da/ (742 Hz), both of which consist of voiced consonants and short VOTs. syllable (/ta/) had a voice onset delay of 57 ms, and was, like its tonal counterpart, intermediate in pitch. Each subject received two consecutive tonal (T) and phonetic (P) task blocks. Each of the four blocks consisted of a total of 120 stimuli, including 24 target stimuli (6-each of the 4 possible target/nontarget combinations). Participants responded as rapidly and accurately as possible to targets with a button press. Response hand and task order was counterbalanced across participants (e.g., TR-TL-PL-PR or PL-PR-TR-TL).
Behavioral performance and asymmetry
Percent correct responses to targets (i.e., hits) and nonresponses to nontargets (percent correct rejection) were analyzed using a repeated measures ANOVA, with Group (Control, Patient) and Gender (Male, Female) as betweensubjects factors and Task (tonal/phonetic) as a within-subjects factor. Gender served only as a control factor and will not be considered further in this report. Measures of perceptual asymmetry were computed as Laterality Quotient derived from correct target detection (hit rate) in right or left ears:
The association between performance and asymmetry measures with physiological component amplitudes for sites or regions of interest were evaluated using Pearson correlations.
ERP methods
Recording and preliminary processing
Scalp EEG was recorded from 13 lateral, homologous pairs of electrode sites (FP1/2, F3/4, F7/8, FC5/6, FT9/10, C3/4, T7/ 8, CP5/6, TP9/10, P3/4, P7/8, P9/10, O1/2) and from four midline electrode sites (Fz, Cz, Pz, Oz) using extended 10-20-system placements with an electrode cap (Electro Cap International, Inc.) and a nose reference. Electrodes at supraand infra-orbital sites surrounding the right eye recorded blinks and vertical eye movements (bipolar), while electrodes at right and left outer canthi recorded horizontal eye movements (bipolar). All electrodes were tin, with impedances below 5 kOhm. EEG was recorded using a Grass Neurodata system at a gain of 10 k (5 k and 2.5 k for horizontal and vertical eye channels, respectively), with a bandpass of 0.1-30 Hz using a NeuroScan recording system (200 samples/s). Only recordings which were free of electrolyte bridges between electrodes were included (Tenke and Kayser, 2001 ). Horizontal and vertical EOGs were used for eye movement rejection and blink correction (linear regression; Semlitsch et al., 1986) , after which artifactual EEG epochs were eliminated using a ± 100 μV criterion, and subsequently under visual guidance using a semiautomated procedure.
ERP averages and CSD
In the previous binaural oddball studies (Kayser and Tenke, 2006a,b) , ERP averages were computed for correct responses corresponding to two tasks (tonal, phonetic), three response modes (silent count, left and right button press), and two conditions (target, nontarget). In the present dichotic oddball task, there are two tasks (tonal, phonetic), two response modes (left button press, right button press), and three conditions (target left ear, target right ear, nontarget). Due to the greater difficulty of the dichotic oddball, correct target averages were pooled across response hand and condition to assure a sufficient number of trials.
1 Although this resulted in reasonably high means for number of target trials (Mean trials ± SD, tonal = 28 ± 11.2, range = 5−44; phonetic = 32 ± 11.0, range = 6-41), ERP target averages in four subjects (1 control, 3 patients) were based on fewer than nine trials. However, exclusion of these subjects did not affect the findings presented. Moreover, while the number of trials contributing to each average differed between groups for targets (controls = 34 ± 9.3; patients = 27 ± 10.0; F[1,60] = 7.63, p b .01), the number of trials for correct nontarget averages did not (controls = 127 ± 33.0; patients = 115 ± 35.3; F[1,60]= 2.27, p N .1).
Reference-free CSD waveforms were computed from the individual ERP waveforms to sharpen topographies, eliminate volume-conducted contributions from distant regions, and quantify underlying current generators (e.g., Tenke et al., 1998) . We used the spherical spline surface Laplacian algorithm of Perrin et al. (1989; 50 iterations; m = 4; lambda = 10 -5 ), as detailed elsewhere Tenke, 2006a, 2006b; Tenke and Kayser, 2005) .
Temporal CSD-PCA
Event-related CSDs were submitted to a covariance-based PCA followed by unrestricted Varimax rotation of the covariance loadings (Matlab emulation of BMDP-4M published in appendix of Kayser and Tenke, 2003) . Data consisted of 221 timepoints as variables (− 100 to 1000 ms), using a total of 7936 observations consisting of 2 tasks (tonal, phonetic) × 2 conditions (target, nontarget) × 64 subjects × 31 sites (electrodes). Factors of interest, representing N1, P2, N2 and P3, were readily identifiable by loadings waveform peaks (e.g., N1 sink latency at 105 ms) and the corresponding factor score topographies (e.g., N1 sink maxima at C3/C4). These methods are presented in detail elsewhere Tenke, 2003, 2006a) . The comparability of these factors was verified with those extracted independently for each group.
Hemispatial PCA
A spatiotemporal PCA approach can afford an efficient description and quantification of topographic variance (cf. Spencer et al., 2001 ). This representation more closely reflects the pattern of underlying neuronal generators when surface Laplacian data are used, and is thereby consistent with the identification of an ERP component with a spatially identifiable generator pattern. However, asymmetric spatial 1 Target ear and response hand effects were systematically evaluated in a subsample restricted to fifteen participants (8 controls, 4 male; 7 patients, 3 male) who had eight or more correct, artifact-free trials in each of the eight target averages. Response hand had negligible impact on the PCA factor solution (P3 factor loadings peaks were 430 and 420 ms for separate right-and left-hand PCAs). P3 factor score topographies for target ear and response hand (supplementary Fig. S1 ) and group ( Fig. S2 ) are provided at: http:// psychophysiology.cpmc.columbia.edu/dico.htm.
factors are unwieldy for comparing or contrasting activity in homologous anatomical regions of the two hemisphere, and paired factors representing comparable activity in each hemisphere are unlikely to be symmetric. These problems may be avoided by extracting spatial factors corresponding to hemispheres, rather than complete topographies. The application of a hemispatial PCA to dichotic oddball CSD data allows a direct comparison of factor scores in the two hemispheres, as well between conditions, tasks or groups.
2
In contrast to a standard spatial PCA, for which an observation consists of a complete topography, a hemisphere serves as an observation for a hemispatial PCA. Each complete topography was therefore reduced to a pair of hemispheric topographies consisting of the 13 homologous lateral sites and the 5 midline sites (i.e., midline data repeated to map each hemisphere to the midline). Hemispheric topographies were then submitted to a spatial PCA using a covariance matrix (18 variables = sites/hemisphere; 113152 observations = 2 hemispheres × 2 conditions × 2 tasks × 64 subjects × 221 time points) followed by unrestricted Varimax rotation.
Statistical methods
The sharpened topographies of the CSDs compared to ERPs may be exploited by restricting analyses to characteristic portions of the complete montage representing generator regions underlying each unique component (e.g., sites C3/4 for N1 sink; Kayser and Tenke, 2006a ; however, for an alternative see Kayser et al., 2007) . By virtue of the comparability of the temporal CSD-PCA factor structure to that identified for the binaural oddball, repeated measures ANOVA were thereby computed for factor scores in the following regions previously identified by Kayser and Tenke (2006a,b) : 1) N1: central sites C3/C4; 2) temporal N1 (middle temporal sites T7/8); 3) N2: frontal sites (F7/8, F3/4, FC5/6, C3/ 4, FT9/10) for tonal task, and posterolateral sites (P7/8, P9/10, CP5/6, T7/8, TP9/10) for phonetic task; 4) P3 (detailed below); and 5) Response-related P3: midline frontal (sink) and centroparietal (C3/4, CP5/6, P3/4) sources.
In the previous study using the binaural oddball task, P3 was examined only at parietal sites (P3/4, CP5/6, P7/8), where target-related sources were largest. This approach was found to be inadequate to explore source topographies in the dichotic oddball task because of prominent secondary temporal lobe topography for both targets and nontargets (i.e., circled sites in Figs. 3 and 4). The analysis of P3 was therefore expanded to include the complete posterior topography on either hemisphere (TP9/10, CP5/6, P9/10, P7/8, P3/4, O1/2). Additional analyses were then conducted as required to identify and disentangle lateral and medial P3 sources.
CSD factor scores were evaluated using repeated measures ANOVA (BMDP-4V; Dixon, 1992 ; MANOVA, SPSS 14.0), with Task (tonal/phonetic), Condition (nontarget/target), Hemisphere (right/left) and electrode Site as within-subject parameters (selection of electrodes varies across factors; Greenhouse-Geisser correction applied when appropriate). Group (control/depressed) and Gender (male/female) were used as a between-subjects factors. As with the performance data, gender was used only as a control factor and will not be considered further. Significant interactions were evaluated by analysis of simple effects.
Results
Behavioral performance
Target detection (percent correct hits) was poorer for patients than controls (Group: F[1,60] = 9.58, p = .003), and for the tonal than the phonetic task (Task: F[1,60] = 8.16, p b .01; Mean % correct ± SD, tone: control = 89.1 ± 14.9, patient = 75.8 ± 21.6; phoneme: control = 94.7 ± 6.9, patient = 83.8 ± 20.0), but there was no Task Dichotic oddball LQs were variable, and were uncorrelated with LQs produced by standard dichotic tests (Complex Tone Test, r = − .06; Consonant-Vowel test, r = − .14). Although a phonetic-greater-than-tonal LQ difference was observed between tasks (F[1,60] = 4.55, p b .05), there was no difference between groups. These observations that were preserved after the exclusion of five outliers (all patients) with LQ N 50 on one or both tasks. Surprisingly, controls showed no evidence of a perceptual asymmetry for phonemes (LQ = − .3 ± 5.5), and only a weak left-ear advantage for tones (LQ = − 2.4 ± 4.8). The expected right-ear advantage for the phonetic task was observed for patients (LQ = 12.5 ± 32.8), but was also seen for the tonal task (LQ = 3.7 ± 29.4), owing solely to the outliers. For these reasons, LQ will not be considered further in this report.
ERP averages and CSD
As shown in Fig. 2 , nose-referenced ERP averages were quite similar for tonal and phonetic nontargets, including N1, P2 and N2 components at frontocentral sites, followed by posterior P3. The topography of P2 extended further posterior for tonal than phonetic stimuli (e.g., Pz). Targets yielded an enhanced N2, which was larger over the left hemisphere in the phonetic task, particularly at lateral sites (e.g., sites T7, CP5 vs. T8, CP6). Targets also produced a prominent P3 at the posterior midline (i.e., P3b). Grand mean nose-referenced ERP waveforms (positive down) at each electrode for tonal (solid black) and phonetic (dashed gray) dichotic oddball tasks (averaged across groups). Waveforms for correctly identified targets (left panel) show the expected component structure for both tasks, including N1, P2, N2 and P3 (component labels in italics). Nontarget (right panel) waveforms in both tasks also showed a prominent N1/P2 complex, followed by an identifiable N2 and a shallow, broadly distributed posterior P3. Note that eye activity (HEOG, VEOG) is shown at a reduced scale. Fig. 3 . Grand mean surface Laplacian waveforms (source down) for tonal (solid black) and phonetic (dashed gray) dichotic oddball tasks (averaged across groups) indicate the (reference-independent) radial current density underlying the ERP component structure, which was highly comparable for both tasks. For targets (left panel), the topography of N1 was confined to distinct sink and source regions, consistent with generators in the Sylvian fissure, and the P3 source was maximal at the parietal midline, broadly distributed, and separable from later response-related sources. For nontargets (right panel), CSD waveforms had a noticeably greater amplitude of the "temporal N1" sink for the tonal task (solid black lines at electrodes T7/8). Although identifiable at the parietal midline (Pz), the nontarget source corresponding to P3 was most prominent at the same lateral sites where the N1 source was found (circled), including mastoid (TP9/10), posterior temporal (P7/8), and adjoining inferior temporal lobe regions (P9/10).
As indicated in Fig. 3 , these sharpened CSD topographies clearly represented N1 as a sink/source pair (i.e., dipole) surrounding the Sylvian fissure (i.e., primary auditory cortex on the superior temporal plane). Likewise, the peak of the P3 source was better localized to, but not restricted to, medial parietal regions, extending in lateral and anterior directions into temporal lobe sites (e.g., mastoids at TP9/10). Moreover, at sites inferior and posterior to the superior temporal plane (i.e., N1 source regions; circled regions in right panel of Fig. 3) , a lateral P3 source was evident for targets and nontargets, and was larger over the left than right hemisphere. Fig. 4 shows grand average target and nontarget CSD waveforms for patients and controls, highlighting the prominent group differences at these same lateral and inferior sites (tonal and phonetic CSD averages for the two groups are available as supplementary Figs. S3-4 at http://psychophysiology.cpmc.columbia.edu/dico.htm).
Overview of target/nontarget temporal CSD-PCA solution
Factor loadings waveforms, along with their corresponding factor score topographies, are shown in Fig. 5 for the first eight CSD factors extracted from the dichotic oddball data. Table 1 directly compares these factors with those obtained for a binaural oddball task (Kayser and Tenke, 2006a ; identical factors were observed for a 129-channel dense electrode array, cf. Kayser and Tenke, 2006b ), based on peak latency and percent of explained variance. For example, one factor was identifiable as the N1 sink, based on its characteristic latency and sink topography (factor 105, Fig. 5 ). Although the ensuing characteristically endogenous components were delayed for the more difficult dichotic compared to the binaural oddball (e.g., N2 sink at 245 rather than 215 ms; P3 source at 440 rather than at 355 ms), they were also unambiguously identifiable by their temporal sequence, topography, and condition-dependence. A previously identified response-related factor, identifiable from its characteristic midline frontal sink coupled to a centroparietal source (denoted as F-CP+), was also delayed (620 rather than 560 ms). Note that the last factor (885) describes late (i.e., slow) variance per se, and may not be attributable to the conditiondependent ERP component identified as "slow wave."
For the first eight factors, the only factor not observed in the binaural oddball task was factor 195, which represented a distinct midline P2 source waveform that was fused with N2 in the less challenging binaural oddball. As a further deviation to the binaural oddball, the topography of factor 440, corresponding to the P3 source, extended laterally from a maximum at the parietal midline into temporal lobe sites. This secondary, temporal lobe topography was left-lateralized for both tonal and phonetic tasks.
Factor 105 (N1 sink)
Repeated measures ANOVA of the C3/4 sink revealed a significant Hemisphere effect (F[1,60] = 6.95, p = .01), with larger sink amplitude over left than right hemisphere (Fig. 5B,  left 3 It is evident that the P3 source was widely distributed for targets in each task, and that prominent differences between tasks (i.e., left-lateralized asymmetry more prominent for the phonetic than tonal task) and groups (larger source for controls than patients) existed in lateral and posterior regions for nontargets as well as targets. This P3 source reduction in Fig. 4 . Grand mean surface Laplacian waveforms (source down) for healthy controls (solid black) and depressed patients (dashed gray), averaged across tonal and phonetic dichotic oddball tasks. Compared to controls, patients showed P3 source reductions for both targets and nontargets that were greatest over the left hemisphere at lateral sites where the N1 source was found (circled). 
Correspondence between P3 source and performance
Although the use of performance measures as covariates did not eliminate nontarget P3 source reductions in patients, they did account for much of the reduction for targets. Moreover, the association between poorer target detection and P3 reductions would be expected to be clearest at medial parietal sites characteristic of P3b (i.e., P3, Pz, P4), but not necessarily at more lateral sites (P7/8; cf. Figs. 3 and 4) . Consistently, the average hit rate across tasks and groups was significantly correlated with P3 source amplitudes to targets at medial sites (r = .34, p b .01; control r = .42, p b .05; patient r = .31; p N .05), but not at lateral sites (r = .21, p N .1). Nontarget sources at medial sites were also uncorrelated with performance (r = .11, p N .4). However, a significant correlation was observed between hit rates for targets and nontarget source amplitudes at lateral sites (r = .26, p b .05). This correlation did not attain significance for patients (r = .22, p N .05), and was absent in controls (r = .05), and was eliminated when poor performers(b 75%) were excluded. When source activity for the same medial parietal or lateral sites was submitted to an ANOVA (Group and Gender between-subjects factors), a significant Factor loadings waveforms for the first eight (by variance) Varimax-rotated PCA factors, identified by peak latency, and (B) corresponding factor score topographies for each task (averaged across groups and condition). The factor structure was consistent with that reported by Kayser and Tenke (2006a,b) , and included: a centrally-oriented N1 sink/source topography; a temporal N1 for the tonal task; N2, with a differential topography between tasks (frontal for tonal; left-sided lateral asymmetry for phonetic); P3 source (440 ms) with a mid-parietal topography; and a late midline frontal sink, paired with a centroparietal source (F-CP+). In addition to the expected, but subtle, task-related asymmetries of the P3 source (greatest amplitude region extended from the midline to the right hemisphere for the tonal but to the left hemisphere for the phonetic task), the P3 source topography extended more prominently over the left than the right hemisphere for both tasks.
Limitations of temporal PCA for nontargets
Because the lateral P3 source topography was present for both targets and nontargets, and group differences were observed at lateral sites for nontargets, a secondary PCA was conducted using only nontarget CSD waveforms. Although it yielded a P3 factor (22.6% variance) with a loadings peak at 320 ms and factor score topographies resembling those for nontargets in the target/nontarget PCA, the presence of a prominent secondary loadings peak (i.e., greater than half the amplitude of the primary peak) corresponding to N1 made it impossible to confidently disentangle these two components.
Hemispatial PCA
A spatiotemporal PCA approach was used to disentangle N1 from late source activity at temporal lobe sites. Fig. 7A shows the first six hemispatial PCA factors, ordered by explained variance. Due to the sharpened CSD topographies, five factors identified individual electrode sites (FP1/2, F7/8, T7/8, Oz, Pz). Two of these factors occupied posterior midline sites (Oz and Pz), and were associated with averaged factor score waveforms with target-related peaks corresponding to the midline P3 source; they were not considered further, because both sites are distant from the lateral P3 topography of interest (i.e., lateral parietal and temporal lobe sites). Although a factor representing anterior temporal lobe regions (T7/8) yielded factor score waveforms that included both the temporal lobe N1 sink (150 ms in the tonal task) and variable P3 peaks at 325-460 ms (across hemispheres, tasks and conditions), these sites were anterior to those identified as regions of interest (i.e., TP9/10, P7/8, P9/10; circled regions in Figs. 3 and 4) .
The loadings topography of the third hemispatial factor (8.9% explained variance) focused on multiple electrode sites of interest (i.e., P7/8, P9/10), and concisely represented the inversion of the N1 sink across the Sylvian fissure. Moreover, the averaged factor score waveforms for this factor included both N1 and P3 (Fig. 7B) , thereby uniquely associating it with the spatial covariation of N1 and P3 observed in the nontarget PCA. Factor score waveforms for the third hemispatial factor were submitted to a covariance-based temporal PCA (221 variables = time points (− 100 to 1000 ms); 512 observations = 2 Hemispheres × 2 Conditions × 2 Tasks × 64 Subjects) and subsequent Varimax rotation. As shown in Fig. 7C , this resulted in separate temporal factors corresponding to P3 (415 ms peak latency, first factor extracted, 23.8% explained variance) and N1 (100 ms, sixth factor, 4.4%).
A repeated measures ANOVA conducted for factor 415 (temporal lobe P3 source), using Task, Condition and Hemisphere as within-subject factors, indicated greater source activity for the phonetic than the tonal task (Task: Kayser and Tenke (2006a) . c Identifying sink (−) and source (+) activity. Fig. 6 . Factor score topographies of factor 440 (P3) for healthy adults (top rows) and depressed patients (bottom rows), comparing nontargets (left columns) and targets (right columns) for tonal and phonetic tasks. P3 source reductions in patients were evident at lateral sites for both targets and nontargets.
controls, which was preserved when hit rates were included as covariates (F[1,58] = 4.21, p b .05).
Factor 620 (midline frontal sink/centroparietal source)
A distinct, response-related factor was separable from factor 440, with a characteristic topography consisting of a sharply localized midline frontal sink and bilateral centroparietal sources (F-CP+; Kayser and Tenke, 2006a 
Discussion
The dichotic oddball task places the perceptual and cognitive processing demands of dichotic listening tasks in the context of an oddball paradigm. The resulting CSD factor structure was closely comparable to that found for binaural oddball tasks that also use tonal and phonetic stimuli (Kayser and Tenke, 2006a,b) . Fig. 7 . (A) Factor loadings topographies for the first six hemispatial CSD-PCA factors (by variance). CSD hemiscalp topographies are shown for left hemisphere only, except for factor 3, which is mirrored at the midline. Factor labels reflect maximal loadings site (e.g., electrodes FP1/2). The third factor is labelled Sylvian Fissure because of prominent loadings at sites where both a P3 source and N1 source/sink were observed. (B) Mean factor score waveforms corresponding to the Sylvian Fissure factor comparing targets (black) and nontargets (gray). (C) A subsequent temporal PCA restricted to the Sylvian Fissure factor score waveforms separated a temporal lobe P3 factor (415) from an N1 factor (100).
Notably, activity corresponding to P3 (factor 440), was dissociable from a later, response-related factor (factor 620), with a characteristic, frontally-inverting, positive slow wave topography (F-CP+), arising from a midline frontal sink that suggests a generator on the dorsal banks of the longitudinal fissure. 5 The midline frontal sink is identifiable using conventional window averages ; local Hjorth and spherical spline methods), and is reminiscent of a spatial CSD-PCA loadings topography yielded by a novelty oddball task (Spencer et al., 1999 ; scores include multiple temporal components).
Previous studies in depressed patients have shown normal performance levels for binaural oddball tasks and little or no reduction in P3b amplitude (e.g., Bruder et al., 2002) . Although dichotic oddball task performance was notably impaired in depressed patients, the corresponding P3 reductions in depression were preserved after performance was accounted for (as a covariate), and did not reflect a simple reduction in P3b at medial sites for targets. To the contrary, the findings suggest a dichotic processing impairment that is evidenced by an additional component: a temporal lobe source that overlaps the time course of P3b and is equally present for targets and nontargets.
Parietal and temporal contributions to P3
The factor score topography of factor 440 showed the expected maximum for targets at midline parietal sites, but extended laterally and anteriorly into the temporal lobes. This secondary topography was more prominent for nontargets, was larger over the left than the right hemisphere regardless of stimulus content, and most asymmetric for phonetic stimuli. The corresponding factor extracted using only nontarget waveforms peaked somewhat earlier and had a secondary loading on N1, suggesting that N1 generators, particularly within the superior temporal plane (Godey et al., 2001; Simson et al., 1976; Neelon et al., 2006; Vaughan and Ritter, 1970) , may be reactivated during the rising phase of P3. 6 The association between P3 and N1 was confirmed by hemispatial PCA and disentangled by subsequent temporal PCA (i.e., hemispatiotemporal PCA).
There is considerable evidence for the involvement of auditory cortex in the generation of endogenous ERPs. CSD analysis suggests a mismatch negativity generator in the vicinity of the primary auditory cortex (intracranial monkeys: Javitt et al., 1994; scalp recordings: Giard et al., 1990; Javitt et al., 1994; Rosburg et al., 2005) . A putative P3 homolog inverts within the supratemporal plane of the monkey (Arezzo et al., 1975) , and the scalp topography of human P3b in an auditory oddball task is consistent with bilateral equivalent dipoles in the posterior part of the superior temporal gyri, with the middle part of the gyrus activated during novelty (Opitz et al., 1999a) . The temporoparietal junction has also been implicated as a generator of P3 (Vaughan and Ritter, 1970; Smith et al., 1990) , and auditory P3 is sensitive to damage of this region (Knight et al., 1989) . Halgren et al. (1995) summarized their intracranial findings by noting that the superior temporal plane and the supramarginal gyrus are both P3 generators, and could also provide the essential processing required for P3 generation elsewhere. Although ERP morphology and characteristics vary considerably across regions, one recording from the posterior superior temporal gyrus during an auditory directed attention task is of interest because it produced a robust, but inverted, N1 followed by a P3 (cf waveform T32 in Fig. 12 , Halgren et al., 1995) , resembling the dichotic CSD recorded from lateral sites in the present study (Fig. 3 , P7/8). The positivity was comparable for targets and distractors and was largely unchanged when the stimuli were ignored, but was somewhat reduced for nontargets. Collectively, these findings suggest that the dipole-like generator topography summarized by the third hemispatial factor (Fig. 7A ) may reflect activation that is largely confined to the posterior superior temporal plane. Moreover, a case could be made for a generator in the planum temporale, which has been implicated in the processing and localization of moving or changing sounds (Barrett and Hall, 2006; Krumbholz et al., 2005) , and in the analysis of sounds that are spectrally and temporally complex (Griffiths and Warren, 2002) . Structurally, the planum temporale is typically larger in the left than the right hemisphere, and it is continuous with parietal cortex (Honeycutt et al., 2000) .
MEG studies have reported greater-left-than-right late (N130 ms) activity in posterior superior temporal gyrus during discrimination of consonant-vowel syllables and tone patterns having variable onset times (Papanicolaou et al., 2003) . N400-like MEG activity has also been localized to left primary auditory cortex in an auditory phonological mismatch paradigm (visuo-auditory priming task, Kujala et al., 2004 ; but also see Opitz et al., 1999b) .
7 A long latency (175-400 ms), intermodal (McGirk illusion) auditory mismatch negativity waveform has also been reported, having a similar sink/source surface Laplacian topography, and an inverse solution consistent with generators on the superior temporal plane, posterior to primary auditory cortex (Saint-Amour et al., 2007) . The topographies of N2 and P3 in a binaural oddball task vary according to stimulus type, and are consistent with a left hemisphere dominance for the phonetic stimuli, and right 5 A bilateral pair of (dipolar) cortical generators within the fissure (e.g., supplementary motor cortex) could produce the necessary field closure to appear as a sharply isolated sink, but it would also produce artifactual field closure sources, displaced bilaterally from the midline (Tenke et al., 1993b ; also see p. 2843 of Tenke and Kayser, 2005) , which were not observed. By the same geometric reasoning, a deeper midline generator (e.g., anterior cingulate) would be identifiable from direct source projections onto the lateral surface.
6 This scenario only accounts for the shared properties of the late temporal source and N1 (i.e., temporal, spatial, and spatiotemporal covariation), but not for the complete temporal lobe source topography evident in Figs. 3, 4 , 6 and 7.
7 N400 is paradigmatically linked to a literature that emphasizes reading and visual processing. For this reason, it is difficult to directly compare N400 findings with auditory processes, particularly when language processing is not involved.
hemisphere dominance for the tonal stimuli Kayser and Tenke, 2006a) . A key physical feature in the perception of English phonemes is voice onset time (VOT), which is reflected in the neuronal response of primary auditory cortex (monkey and human, Steinschneider et al., 1995 Steinschneider et al., , 1999 . Specifically, phonemes with short VOTs (e.g., voiced consonant / da/) only yield responses to stimulus onset, while corresponding phonemes with long VOTs (e.g., unvoiced consonant /ta/) yield an additional response to voicing onset for the vowel. Trébuchon-Da Fonseca et al. (2005) observed the second response in Heschl's gyrus and the planum temporale, but not in anterior auditory fields. From scalp recordings, the same authors reported that the amplitudes of regional dipoles fitted to the medial portion of Heschl's gyrus (MRI) were larger in the left than the right hemisphere for the second response, and suggested that activation of left auditory cortex reflects processing of temporal acoustic cues, which may underlie hemispheric specialization for language. This raises the possibility that left-sided temporal P3 seen for both the phonetic and tonal dichotic oddball tasks reflects the need for analysis of temporal features of these acoustic stimuli. Moreover, the rhythmic alternation of the consonant-vowel or tonal pairs in the dichotic oddball places additional temporal (contextual) processing demands, which may also contribute to the left-lateralized temporal P3 source.
It is unlikely that differences in VOT directly played a role in the present dichotic oddball findings. There was no evidence of a secondary response for the phonetic compared to the tonal task (Figs. 2 and 3) , and the overall Hemisphere effect for N1 (left N right) was not selective for the phonetic task. Instead, Task-dependent asymmetries were observed for both N2 and P3, and the difference between groups for P3 was unrelated to Task. Another consideration is that the tonal task did not yield the expected left-ear advantage, and a left-sided P3 asymmetry was observed for both phonetic and tonal dichotic oddball tasks. These findings do not concur with reports of greater P3 over the right hemisphere in the Complex Tone Test CTT (Tenke et al., 1993a) , or of right hemisphere lateralization of musical syntactic violations (Koelsch et al., 2000; Patel et al., 1998) , suggesting instead that the detection of discrepancies in an ongoing pattern of dichotic tones may also depend on a predominantly lefthemispheric classification processes, possibly analogous to the evaluation of prosodic context within a sentence.
The stimuli for the tonal dichotic oddball task were the same ones previously used in the CTT (Sidtis, 1981 ), a dichotic listening task in which a dichotic stimulus pair is compared with a subsequent binaural probe stimulus. In the CTT, both stimuli produced an identifiable P3 (Tenke, et al., 1993a) , but the dichotic stimulus was followed by a sustained frontal negativity. In the dichotic oddball, where the pattern of nontargets must also be held in memory to perform the task, nontargets yielded both an identifiable posterior P3 source and a prolonged midfrontal sink (positive-going slope from 300 ms to end of epoch at medial frontal sites in right panel of Fig. 3) , and the amplitude of the lateral P3 source was correlated with hit rate. Collectively, these findings suggest a possible role for the lateral P3 in updating the context provided by each stimulus and in their retention over the subsequent interstimulus interval.
Stimulus sequence
In the dichotic oddball task, nontargets are presented in a rhythmic pattern of alternating dichotic pairs that sets up a context to be retained for comparison with subsequent stimuli. If the spatial orientation of the paired dichotic stimuli is considered (left or right ear), it is clear that no stimulus pair is presented with a frequency of .5 or greater (i.e., no stimulus is frequent). Targets are also nonunique, since they may be any one of four paired stimuli: target on left or right, replacing either one of the alternating pair of standard stimuli. As such, correct performance relies more on the detection of a difference in the ongoing pattern than on target identification per se. Nontargets may also be perceived as being more "target-like," as evidenced by the uncertainty expressed by some participants about the distinction between targets and nontargets. For some participants, this distinction may involve an implicit spatial judgement (i.e., identification of the mismatched ear), while response hand may also impose a spatial context for a given block of trials.
The present results indicate that the asymmetries identified in the dichotic oddball task reflect left-hemispheric processing, regardless of stimulus content (tonal vs. phonetic). The phonetic oddball task yielded a larger P3 source over the left hemisphere than the right, as well as a significantly greater right-ear advantage when compared to the tonal task. Moreover, analysis of simple effects uniquely identified the left hemisphere as the origin of the Task × Hemisphere interaction for P3. In contrast, the tonal task showed neither the expected left-ear advantage nor a right-greater-than-left hemispheric asymmetry for P3.
P3 reductions in depression
Although some conflicting P3 findings for depressed patients may be due to differences in task conditions or the difficulty of comparing reference-dependent ERP topographies (Kayser and Tenke, 2006a) , it has also been argued that the binaural oddball task may be too simple to consistently reveal the underlying cognitive dysfunctions in depression. More difficult dichotic listening tasks provide an appropriate cognitive load (Bruder et al., 1995; Tenke et al., 1993a ), but they have the disadvantages of relying on a large number of unique stimuli, as well as a trial structure that yields ERP components with only a superficial similarity to the binaural oddball. The dichotic oddball task provides an intermediate solution to this problem. It is sufficiently difficult to reveal cognitive deficits, yet sufficiently comparable to the binaural oddball task to produce the same component structure.
Depressed patients showed P3 source reductions compared to healthy controls, in accordance with performance differences for the two groups. P3 source reductions were observed in both parietal and temporal regions and for targets and nontargets. Although reductions of parietal P3 source in depressed patients were related to their poorer performance, the temporal lobe source reductions did not reflect task performance and were most prominent for nontargets at lateral sites. Collectively, these observations suggest that the temporal lobe P3 source reductions observed for depressed patients are closely related to processing in primary and secondary auditory cortices of the superior temporal plane.
Evidence from neuroimaging studies indicate that primary auditory cortex contributes to early acoustic processing, whereas associative cortex in the superior temporal lobe is involved in higher order phonetic and tonal processing (Zatorre et al., 1992) . Dichotic listening (Bruder et al., 1989; Overby et al., 1989) , ERP (Bruder et al., 1995; Deldin et al., 2000; Kayser et al., 2000) and neuroimaging (Post et al., 1987) studies have reported evidence of right temporoparietal deficits in depressed patients. Although we found a reduction of the temporal lobe P3 source in depressed patients, it was not lateralized to right hemisphere. The tonal dichotic oddball task did not, however, yield the left-ear (right hemisphere) advantage seen in healthy adults for the dichotic complex tone test (Bruder et al., 1995) and therefore it does not appear to probe right hemisphere dominance for tonal processing. Rather, the temporal lobe P3 showed a strong left-sided asymmetry that is presumed to reflect properties unique to the dichotic oddball tasks.
The potential clinical relevance of the temporal lobe P3 reduction in depressed patients deserves comment. In a prior study, we found preliminary evidence that reduced P3 amplitude to complex tones was associated with poorer outcome of treatment with antidepressants (Bruder et al., 1995) . Inasmuch as the intensity dependence of auditory N1/P2 may index serotonergic activity in auditory cortex (Hegerl and Juckel, 1993) , and may be predictive of subsequent clinical response to a selective serotonin reuptake inhibitor (Paige et al., 1994; Mulert et al., 2002; , these measures of temporal lobe activity deserve further study as predictors of treatment response.
